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With wavelength tunability, free-electron lasers (FELs) are well-suited for generating orbital an-
gular momentum (OAM) beams in a wide photon energy range. We report the first experimental
demonstration of OAM beam generation using an oscillator FEL. Lasing around 458 nm, we have
produced the four lowest orders of coherently mixed OAM beams with good beam quality, excellent
stability, and substantial intracavity power. We have also developed a pulsed mode operation of the
OAM beam with a highly reproducible temporal structure for a range of modulation frequencies
from 1 to 30 Hz. This development can be extended to short wavelengths, for example to x-rays
using a future x-ray FEL oscillator. The operation of such an OAM FEL also paves the way for the
generation of OAM gamma-ray beams via Compton scattering.
The profound and unexpected properties of optical
beams with orbital angular momentum (OAM) were first
recognized in the early 1990s [1–3]. In the last two
decades, OAM photon beams in the near-infrared and
visible regimes have been generated using multiple meth-
ods based on conventional laser technology [4–7]. Re-
cent research has shown that the OAM photon beam
is an excellent tool for non-contact optical manipula-
tion of matter. A wide range of applications have been
discovered [8–10], from biological cell handling in op-
tical tweezers [11–13], to laser cooling, atom trapping
and control of Bose-Einstein condensates [14–17], and to
quantum information and quantum communication [18–
21]. The OAM photon beam has also been shown to
excite forbidden transitions in an atom [22–24], overcom-
ing the transition selection rules associated with plane-
wave photons. Many new research opportunities are ex-
pected with OAM beams at shorter wavelengths, from
extreme ultraviolet (EUV) to gamma-ray. EUV and x-
ray OAM beams can be used to improve the contrast of
microscopy [25], enable new forms of spectroscopy [26],
or alter material magnetic properties [27, 28]. OAM
gamma rays may open new possibilities in photo-nuclear
physics research. Theoretically, they have been shown
to modify photo-nuclear reaction rates [29], reveal novel
spin effects [30, 31], provide the means to separate reso-
nances with different spins and parities [32], and enable
new types of multipole analysis in photo-reactions [33].
OAM gamma-rays may have been generated in extreme
astrophysics environments [34–37]. The quantum vortex
nature of an OAM photon’s wave function leads to “su-
perkick” effects that may be observed both in the lab-
oratory and astrophysics environment [38], addressing,
among other things, the issue of the universe’s trans-
parency to very high energy gamma rays.
The generation of OAM photon beams in the short
wavelength region can be realized using accelerator-based
light sources. For example, a relativistic electron beam
traversing a helical undulator magnet produces higher-
order harmonic radiation off-axis. This radiation was
first recognized to exhibit an intrinsic spiral wavefront
in a theoretical analysis [39, 40], a finding confirmed
later experimentally [41]. Recent advances have led to
the generation of an OAM beam in several single-pass
free-electron lasers (FELs) seeded using a laser in the
fundamental Gaussian mode [42–44]. The laser interac-
tion with the electron beam in an upstream undulator (a
modulator) modulates the electron beam energy distribu-
tion and this energy modulation is turned into a charge
density modulation. With a helical modulator, an elec-
tron beam with helical microbunching can be used to
produce an OAM beam in a downstream undulator (a
radiator) [42]. With a planar modulator, the electron
beam with longitudinal microbunching can be used to
produce an OAM beam via harmonic radiation in the
downstream helical radiator, either via a straightforward
second-harmonic generation [43], or using a high-gain
harmonic generation scheme [45] to up-shift the radia-
tion wavelength to the EUV [44].
In this Letter, we report the first experimental real-
ization of OAM laser beams using an oscillator FEL. In
this work, a self-seeded OAM beam is amplified in mul-
tiple passes inside a laser resonator to reach saturation,
unlike the previous OAM beam generation using seeded
single-pass FELs [42–44]. An oscillator FEL is well suited
for producing high intracavity power and high-repetition-
rate coherent radiation in a wide wavelength range, with
demonstrated operation from the far infrared to the vac-
uum UV [46–52]. The schematic layout of the Duke FEL
is shown in Fig. 1. Powered by an electron storage ring,
this FEL is comprised of a near-concentric, 53.73 m long
optical resonator and a magnetic system with multiple
undulator magnets [53]. In a typical FEL configuration
shown in Fig. 1, two middle helical undulators, OK-5B
and OK-5C, are energized; these undulators, together
with a buncher magnet B sandwiched between them form
an optical klystron (OK) [54, 55] to enhance the FEL
gain.
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2FIG. 1. Typical schematic layout of the storage ring FEL
oscillator for the OAM beam generation. The FEL is com-
prised of an optical klystron with two helical undulators OK-
5B and OK-5C and a buncher magnet B in between, and
a near-concentric optical resonator with mirrors M1 and M2.
Downstream mirror M2 is covered with a special spatial mask
with two non-reflective parts [see the bottom-right inset (a)]:
an aluminum disk in the center and an aluminum annulus cov-
ering the exterior region of the mirror. The top-left inset (b)
illustrates the coherent mixing of the LG10 and LG
−1
0 modes,
which have the same intensity profile but different wavefront
structures.
When operating at its fundamental frequency, the FEL
wavelength can be tuned by changing the electron beam
energy (Ee) and the undulator magnetic field according
to the formula: λFEL = λu
(
1 +K2
)
/(2γ2). Here, γ =
Ee/mec
2, K = eB0λu/(2pimec) the undulator strength,
with me being the electron’s rest mass, λu the undula-
tor period, B0 the rms magnetic field, and c the speed
of light. After repeated electron-photon beam interac-
tions, the FEL beam builds up inside the cavity between
two high-reflectivity mirrors. The typical FEL transverse
mode is the lowest Gaussian mode, realized with good
alignment of the electron beam orbit and optical axis.
To generate OAM beams in the Laguerre-Gaussian LGlp
modes (with radial order p and OAM order l), the cylin-
drical symmetry of the cavity’s transverse boundary must
be assured. We accomplish this by using a spatial mask
inside the cavity.
This spatial mask is integrated with the downstream
mirror M2 [see inset (a) of Fig. 1]. The mask consists
of an aluminum central disk and an aluminum annulus.
With a carefully chosen inner diameter (Dannu), the an-
nulus enforces the cylindrical symmetry of the exterior
cavity boundary. The high loss central disk (diameter
Ddisk) is used to prevent the formation of the funda-
mental and other low-order modes. Multiple disks are
fabricated with their dimensions estimated by compar-
ing the loss of a particular mode with a set of possible
FEL gain values. For all experimental results with var-
ious orders of OAM beams, a fixed Dannu = 26 mm is
used, while Ddisk is varied with the order of OAM modes
to suppress undesirable lower order modes. Dimensions
of the spatial mask, together with other key beam pa-
rameters are provided in Table I. For results reported
in this Letter, the typical experimental setup involves a
single-bunch electron beam of 533 MeV and FEL lasing
at λFEL = 458 nm with circular polarization. Non-typical
experimental settings will be noted explicitly. The mea-
sured electron bunch length varies from about 100 ps
to 210 ps, depending on the storage ring FEL operating
conditions.
For an optical cavity with cylindrical symmetry, two
pure OAM modes of the same frequency but opposite
helicities, LGl0 and LG
−l
0 are degenerate—both have the
same transverse intensity distribution, but different spi-
raling orientations of the wavefront. As a result, a co-
herent mixing beam LG
|l|
0 is usually produced, with its
electric field given by
LG
|l|
0 =
1√
2
(
LGl0 + e
iφ0LG−l0
)
, (1)
where φ0 is the phase difference between two base modes.
The intensity profile of this beam, featuring 2l az-
imuthally distributed high intensity regions (petals), is
readily used to recognize the order of the underlying
OAM modes [56–59]. The phase difference φ0 determines
the azimuthal orientation of the petals. For an FEL cav-
ity with a spatial mask, the FEL beam is always gener-
ated in the coherently mixed mode. In Fig. 1, inset (b)
illustrates the coherent mixing of LG10 and LG
−1
0 modes
with φ0 = pi, i.e. a LG
|1|
0 beam. In Table I the orders of
the generated OAM beams are tabulated for the various
disk sizes used.
Lasing in the OAM mode is realized by maximizing
gain via careful overlap of the electron beam and the
optical mode and the use of an optical klystron configu-
ration. If necessary a third undulator can be turned on to
further enhance the gain. The transverse beam overlap
is optimized not only by alignment, but also by increas-
ing the vertical beam size by operating the storage ring
near the transverse coupling resonance. The frequency
of the storage ring rf system is tuned carefully to realize
nearly perfect synchronization between the electron and
FEL beams (i.e. zero FEL detuning). With careful tun-
ing of the FEL, OAM beams of several orders have been
generated with excellent reproducibility.
The extracted FEL beam from upstream mirror M1 is
sent to a set of standard FEL diagnostics to measure the
beam spectrum, power, etc., and to a new diagnostic to
TABLE I. Summary of experimental parameters.
Electron beam energy Ee (MeV) 490–533
Electron single-bunch current Ib (mA) 10–50
FEL wavelength λFEL (nm) 454–458
Annulus inner diameter Dannu (mm) 26
Disk diameter Ddisk (mm)
(with FEL generated OAM modes)
2.0 (LG
|1|
0 , LG
|2|
0 )
3.7 (LG
|2|
0 , LG
|3|
0 )
4.2 (LG
|3|
0 , LG
|4|
0 )
3FIG. 2. (a) Schematic layout for the FEL beam profile mea-
surement system with a movable CCD and a telescopic trans-
port optics comprised of focusing lenses F1 and F2. Following
F1 is a narrow bandpass filter BF. (b) Beam quality factor
M2 measurement of the LG
|2|
0 beam. The inserted beam im-
ages show the transverse beam profiles at different longitudi-
nal locations (z). M2x,y is determined by fitting the measured
square of the beam width, w2x,y, to a quadratic function of z,
and wx,y = 2σx,y with σ
2
x,y being the second-order moment
of beam’s intensity distribution in the horizontal (vertical)
direction. For this measurement, the single-bunch current
Ib ≈ 25 mA.
measure the beam profile. This FEL profile measurement
system is comprised of a telescopic beam transport, a nar-
row bandpass filter, and a charge-coupled device (CCD)
camera with 8-bit resolution [see Fig. 2(a)]. The optical
telescope consists of two focusing lenses F1 and F2 with
focal lengths f1 = 50 cm and f2 = 10 cm, respectively.
By moving the CCD camera along the beam direc-
tion, the beam profile can be recorded as a function of
the longitudinal position (z). To effectively use the cam-
era’s dynamic range and avoid saturation, the exposure
time of the CCD is adjusted, and when needed, a neu-
tral density filter is inserted before the camera. During
the measurement, the FEL beam power may fluctuate
slightly, which is typically corrected by fine-tuning the
FEL optical axis or adjusting the FEL detuning. A se-
ries of beam images along the beam direction is shown
in Fig. 2(b) for the LG
|2|
0 beam. By using the projected
beam distribution in the horizontal (x) and vertical (y)
directions, the beam quality factor M2 can be obtained
using a quadratic curve fitting [60]. For this dataset, we
find M2x = 3.2 and M
2
y = 3.3. These values are a factor
of 1.07 and 1.1 above the theoretical value (M2 = 3 for
the LG
|2|
0 mode), which is one of the best results among
multiple LG
|2|
0 mode quality factor measurements. The
discrepancy in M2 may indicate the presence of a very
small amount of other transverse modes in the beam, or
some distortion in the optical image due to factors, such
FIG. 3. (a0)–(d0) Intensity profiles of theoretical modes
LG
|1|
0 , LG
|2|
0 , LG
|3|
0 , LG
|4|
0 , respectively (image sizes: 127×127
pixels). (a1)–(d1) Intensity profiles of the experimentally
measured corresponding beams. (a2)–(d2) Phase distribution
of corresponding ideal OAM modes. (a3)–(d3) Phase distri-
bution of the measured beams. For these measurements, the
beam parameters vary, Ee = 490–518 MeV, Ib = 14–30 mA,
and λFEL = 454–457 nm.
as diffraction, noise, etc.
Using the measured intensity profile at different longi-
tudinal locations, an iterative phase retrieval technique
[61] has been applied to LG
|1|
0 , LG
|2|
0 , LG
|3|
0 , and LG
|4|
0
beams to obtain the relevant wave phase information.
Comparing the measured intensity and phase distribu-
tions with theoretical ones for these four beams (shown
in Fig. 3), the measured results of the first three beams
agree well with the theoretical ones. For the LG
|4|
0 beam,
the difference between the theoretical and the measured
results is more pronounced, which is possibly due to a
small FEL net gain for this large size, higher-order mode
due to substantial cavity losses.
The storage ring FEL beam has a complex temporal
structure with both macropulses and micropulses [62, 63].
The micropulses are associated with the electron beam
revolution (2.79 MHz in our case) and the macropulses
are the result of two competing processes: FEL lasing
and radiation damping of the electron beam. With zero
FEL detuning, the FEL lasing in the fundamental Gaus-
sian mode can produce a quasi-CW beam with reason-
ably stable micropulses without the apparent macropulse
structure. However, the OAM beams behave differently:
they always remain in a pulsing mode even with zero de-
tuning. For example, when free-running without exter-
nal modulation, the temporal structure of a LG
|2|
0 beam
[Fig. 4(a)] is dominated by a pulsing frequency of 180 Hz,
the third harmonic of the ac line frequency (see the top-
right inset). This can be considered as a natural mod-
ulation frequency due to ac noise in the system. Be-
sides substantial variations in the pulse shape and height,
the arrival time of the well-formed macropulses varies by
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FIG. 4. (a) Measured temporal structure of the LG
|2|
0 beam
as the FEL is free-running without deliberate modulation;
Top-left inset: the first 12 macropulses in a fixed time window
with the time delay associated with 180 Hz ac line frequency
removed; Top-right inset: the related power spectrum of the
beam signal, the frequency for the highest peak is 180 Hz. (b)
Temporal structure of the LG
|2|
0 beam with a 25 Hz external
modulation; Top-left inset: 12 macropulses in a fixed time
window with the time delay associated the modulation trigger
removed; Top-right inset: the related power spectrum. For
this measurement, the single-bunch current Ib ≈ 30 mA.
about 1 ms (rms) after removing the time delay associ-
ated with 180 Hz (see the top-left inset). For this free-
running LG
|2|
0 beam, the maximum extracted power is
about 14 mW with a high beam current (Ib ≈ 50 mA).
This corresponds to a conservative estimate of the intra-
cavity laser power of about 10 W.
To improve the reproducibility of the OAM beam, we
used an FEL gain modulator to deliberately modulate
the longitudinal coupling between the electron beam and
FEL beam. The FEL can be modulated with a wide
range of frequency (fmod), and in our measurements,
fmod was varied from 1 to 67 Hz. We find that the pulse
energy of the OAM beam remains relatively constant for
fmod between 1 and 25 Hz, and decreases at higher fre-
quencies. On the other hand, the average FEL power
increases linearly with fmod up to about 25 Hz and then
tapers off at higher frequencies. A close examination of
OAM operation at various modulation frequencies also
shows this beam has the best reproducibility in terms
of the energy per macropulse at 25 Hz. The tempo-
ral structure of the OAM beam at 25 Hz is shown in
Fig. 4(b), with very regularly displaced pulses in both the
time and frequency domains (the top-right inset). The
macropulses are highly reproducible as illustrated by us-
ing the first 12 pulses in the top-left insets of Fig. 4(b).
The analysis of the full dataset (5 second long) shows that
the energy per pulse varies by ∼ 4.7% (rms), the pulse
width varies by ∼ 1.7% (rms), and pulse arrival time
varies by ∼ 7 µs (rms) determined using the half-height
of the pulse front (after removing the modulation trigger
delay). Overall, the pulsed OAM beam operation is op-
timum when modulated at about 25 Hz to produce high
average power and a consistent series of macropulses. It
is worth noting that the pulse separation (40 ms) is some-
what smaller than the energy damping time of this elec-
tron beam (about 54 ms). This shows that reproducible
production of pulsed LG
|2|
0 OAM beams requires only
modest damping.
In this Letter, we have reported the first experimen-
tal generation of OAM beams using an oscillator FEL
by incorporating a specially designed spatial mask in-
side the FEL cavity. Using masks of different dimen-
sions, we have produced ∼ 458 nm OAM beams in the
four lowest orders, in the form of a coherent mixture of
two LG modes of opposite helicities. These OAM beams
have been experimentally characterized to show an ex-
cellent mode quality factor, and consistent intensity and
phase distributions compared with the theoretical ones.
Based on the M2 measurements we have confirmed that
the FEL OAM beams are dominated by the expected
LG modes, possibly with a smaller contribution from a
few other low-order modes. The temporal structure of
LG
|2|
0 mode has been studied to show a natural pulsing
due to ac power modulation. Modulated by an exter-
nal drive, this OAM beam produced using a 533 MeV
electron beam shows excellent reproducibility in terms
of the pulse shape, pulse energy, and arrival time when
the modulation frequency is less than 30 Hz, with the
best pulse energy consistency about 25 Hz. With this
beam, a reasonably high intracavity laser power, on the
order of 10 W, has been realized, and even higher power
(∼ 100 W) can be expected after further optimization of
the optical mask and FEL mirrors. We are working to
extend the OAM generation to a range of wavelengths,
from infrared to ultraviolet (UV) as allowed by the avail-
able FEL gain.
This work has demonstrated a novel method to gen-
erate OAM beams of various orders inside a laser cav-
ity using the oscillator FEL. The FEL technology opens
the door for the generation and study of OAM beams
with various features afforded by the FEL, including a
wide spectral coverage, wavelength tunability, two-color
lasing [64], polarization manipulation and control [65],
etc. OAM FEL operation showcased in this Letter can
be extended to higher photon energies, e.g. using a fu-
ture x-ray FEL oscillator [66]. OAM FEL operation in
EUV can be explored using either an oscillator [67], or
possibly, a regenerative amplifier [68, 69]. Furthermore,
using the OAM FEL beam as the photon drive, a Comp-
ton light source can produce gamma-ray photons with
5OAM [70, 71]. If a Compton gamma-ray beam with suf-
ficient flux can be generated, it will pave the way for a
new class of nuclear physics experiments that can exploit
novel physics phenomena associated with photon’s OAM
as a new degree of freedom in photo-nuclear reactions.
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